A finite volume based three dimensional numerical studies on the heat transfer due to natural convection inside the inclined cubical cavity filled with CNT-water nanofluid is solved by vorticity-vector potential formalism. The enclosure contains an Ahmed body at its middle with differentially heated vertical walls. The other walls are adiabatic. The effect due to Rayleigh number (10 3 ≤ Ra ≤ 10 5 ), volumetric fraction (0 ≤ φ ≤ 0.05) of CNT particles, angle of incidence of enclosure (0° ≤ γ ≤ 180°) and thermal conductivity ratio (0.01 ≤ R c ≤ 100) are analyzed. The results of fluid flow with single phase model are elucidated with Particle trajectories, Velocity vectors, Iso-surfaces of temperature and Nusselt number. CNT-particles enhanced the heat transfer in all the considered cases. Maximum average Nusselt number is reported when the angle of inclination is 30° and 150°. The variation in thermal conductivity ratio has a least effect on convection.
Nomenclature

Be
Bejan number C p Specific heat at constant pressure (J/kg. K) 
Three-dimensional natural convection of CNT-water nanofluid confined in an inclined enclosure with Ahmed body
Mohamed Naceur BORJINI**** and P. Rajesh KANNA***** 
Introduction
Natural convection inside the square cavity is used in many industrial applications like crystal growth, cooling of electronic chips, solar collectors, nuclear reactor and energy efficient buildings. Initially study on the cavity was performed without any protrusions or blocks inside it (De Vahl, 1989; Corcione et al., 2015) . Later the study is extended on the enclosure with different forms of obstacle inside it like square (Mahmoodi & Sebdani, 2012) , circular (Sarkar et al., 2012) and baffle (Kalidasan et al., 2014) .
The study on angle of inclination of cavity on natural convection is essential since the earth′s surface is rarely aligned with geo-potential lines (Ghasemi & Aminossadati, 2009 ). Huelsz & Rechtman (2013) conducted the research on inclined enclosure with air and found that the steady state flow is symmetric with respect to a reflection in the inclination angle. Abu-Nada & Oztop (2009) investigated the angle of inclination on a cavity with nanofluid and indicated a low heat transfer when the angle of inclination is 90°. Singh and Singh (2016) numerically analyzed the free convection and radiation in a tilted cavity and showed that the heat transfer increases first and then decreases with decreasing cavity tilt angle for all Rayleigh number and emissivity. Ghasemi & Aminossadati (2009) indicated that the inclination angle has a significant impact on the flow, temperature fields and the heat transfer performance at high Rayleigh numbers on a cavity with nanofluid during natural convection. Esfandiary et al. (2016) performed twophase model study on an inclined cavity with Al 2 O 3 -water nanofluid and concluded that the highest Nusselt number is obtained at the inclination of 30°.
The invention of nanofluid attracts more researches towards the natural convection (Khanafer et al., 2003; Ho et al., 2008; Eslamian et al., 2015) . CNT nanoparticles with higher thermal conductivity and lower density enhanced the natural convection. Ding et al. (2006) experimentally observed that higher thermal conductivity, particle re-arrangement, shear induced thermal conduction, reduction of thermal boundary layer thickness and very high aspect ratio of MWCNTs are responsible for enhanced convection. Glory et al. (2008) experimentally measured the thermal and electrical conductivities of MWCNT-water nanofluid and found that long tubes reduce the number of contacts among them and favour phonon transmission which ultimately increase the thermal conductivity. Halelfadl et al. (2013) experimentally analyzed the viscosity of MWCNT-water nanofluid and indicated that the relative viscosity of nanouid at high shear rate is independent of temperature. Rahman et al. (2015) investigation of unsteady natural convection and statistical analysis on a cavity with non -isothermal heating indicates that the addition of CNT fraction ratio becomes insignificant at small Rayleigh numbers but it affects both the flow and heat transfer for higher Rayleigh numbers. Heris et al. (2014) , presented a comparative experimental study on the natural convection heat transfer of different metal oxide nanopowders suspended in turbine oil inside an inclined cubic cavity, it was found that for an inclination of 90°, and a weight fraction of 0.2%, the use of TiO particles gives the maximum of heat transfer, while for weight fraction of 0.8%, this maximum number is associated to the CuO nano-powders. Rashidi et al. (2014) investigated the effect of the heterogeneous heating on the natural convection of the Al 2 O 3 nanofluid inside a square cavity. The results reveal that for high Rayleigh numbers, the heat transfer is minimal where the heat flux in the vicinity of adiabatic wall is smallest, while the heat flux near the cold wall is biggest. Ho et al. (2014) carried out a numerical and experimental study on nanofluid natural convection heat transfer considering Ludwig-Soret effect and sedimentation. The comparisons between experimental data and numerical results unfold that when Ludwig-Soret effect, Brownian motion and sedimentation of nanoparticles are considered in the numerical model, the predicted Nusselt number is very close to experimental data. Mahian et al. (2016) studied numerically and experimentally the natural convection of silica nanofluid in square and triangular enclosures. The main conclusion was that the use of the experimental data of thermophysical properties may give different trends of heat transfer coefficient.
Three-dimensional simulations yield accurate results over two-dimensional analysis. Shen et al. (2016) conducted experimental and three dimensional numerical analysis on square, 45° inclined square and triangular cavities on natural convection. They found that the critical cavity tilt angle (from steadiness to unsteadiness) increases with decreasing aperture ratio or increasing heat flux. Kolsi et al. (2016a) comprehensively studied the cubical cavity filled with nanofluid and triangular inserts and concluded that three dimensional solution brings more understanding work for the study. Wang et al. (2010) numerically studied the inclined porous cubical cavity and indicate that when the angle of inclination of the cavity is 75° to 90°, the flow patterns inside are unstable and become complicated. Kolsi et al. (2016b) numerically investigated the cubical cavity with Al 2 O 3 nanofluid and diagonal blocks and revealed that the average Nusselt number rose with the increase in Ra and volumetric fraction of solid particles and declined with the increase in block size. Sheremet et al. (2015) numerically studied the porous cubical cavity with Buongiorno's model and found that the average Nusselt number at the hot surface is an increasing function of the Rayleigh number and Brownian motion parameter, and a decreasing function of the Lewis number, buoyancy -ratio and thermophoresis parameters.
Ahmed body is rectangular in shape with a skewed surface on the top-right corner. Ahmed body is a popular geometry in automobile industries. The slant on the back side of the body modified the flow physics inside the cavity (Thacker et al., 2013) . Banga et al. (2015) numerically studied the Ahmed body and found that the velocity vectors in the wake region depend on the slant angle. But the heat transfer due to natural convection on a cavity with Ahmed body is not studied so far. Hence the nucleus of the present result is to investigate the heat transfer due to natural convection on an inclined cubical cavity having Ahmed body at its middle and filled with CNT-water nanofluid. CNT particles are preferred over other solid particles due to lower density and higher thermal conductivity. To get accurate results even at higher concentration of CNT-particles, Xue model (Xue, 2005) of thermal conductivity is preferred over other conventional models as indicated by (Kalidasan & Kanna, 2016) .
Problem Statement
The schematic representation of the problem is presented in fig. 1 . Ahmed body with skew back is placed at the middle of the cubical cavity as shown in fig. 1 . The vertical walls along x-direction are differentially heated while all other walls including top and bottom walls are considered as adiabatic. The cavity is filled with high thermally conductive CNT-water nanofluid having a Pr value as 6.2. The thermo-physical properties of the base fluid (water) and solid phase (CNT) are presented in Table 1 . The percentage of CNT particles is varied between 0 to 5 %. The thermal conductivity ratio is varied between 0.01 and 100. Nanofluid is assumed to be a Newtonian fluid. The flow is three-dimensional, laminar, incompressible and unsteady. Boussinesq approximation has been applied to assume constant density of the nanofluid. The vorticity -vector potential formalism
eliminates the pressure and simplify the numerical simulations on a cubical cavity. The vector potential and the vorticity are defined respectively by the following two relations:
The non-dimensional governing equations are:
, are put respectively in their dimensional forms by
Ahmed body (solid portion of the domain) conductivity ks, is assumed constant. At the solid-fluid interface the continuity of temperature and heat flux is expressed as:
The effective density of the nanofluid is assumed to be constant and is given by (Kahveci, 2010) as:
The effective dynamic viscosity of the nanofluid is given by Brinkman model as:
The heat capacitance of the nanofluid is expressed as:
The thermal expansion coefficient of the nanofluid is:
The effective thermal conductivity of the CNT-water nanofluid is approximated by (Xue, 2005) as: 
Boundary conditions
The boundary conditions for the present problem are given as follows:
on other walls ( i.e., adiabatic). Kalidasan, Kolsi, Borjini and Kanna, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) Velocity :
The surface averaged instantaneous local Nusselt number (Nu) along the wall is calculated by:
Furthermore, the average Nusselt number ( av Nu ) on the isothermal wall is evaluated by:
The mathematical model is solved using the program written in FORTRAN. The control volume finite difference method is used for discretion of the governing equations. The central−difference scheme is applied for treating convective terms while the fully implicit procedure is used for discretion of the temporal derivatives. The grids are uniform in all directions with additional nodes on the boundaries. The successive relaxation iteration scheme is used to solve the non−linear algebraic equations. The time step (10 −4 ) and spatial mesh (81 3 ) are used to conduct the numerical simulations. The simulation is terminated when the convergence criteria given in equation (7) is satisfied. 
Grid dependency and validation
The grid independence test has been performed on the cubical enclosure with Ra = 10 5 , φ = 0.025, R c = 1 and angle of inclination as 30°. The tests have been performed for the spatial meshes of 61 3 , 71 3 , 81 3 and 91 3 . The average Nusselt number on the hot wall is considered as a sensitive parameter. The results of the analysis with Ra = 10 5 , γ = 30°, R c = 1 and φ = 2.5% is presented in the The validation of the present code for cavity containing conductive block is carried out by comparing the present results with 2D numerical simulation of Das and Reddy , (2006) , with Pr = 0.71, Ra = 10 6 , γ = − 60° and R c = 5. The streamlines and isotherms are compared at z = 0.5 plan and presented in fig. 2 . For nanofluid filled cavity, results are compared against the work of (Jahanshahi et al., 2010) and presented in fig. 3 . For 3D analysis, results are validated with those of (Wakashima & Saitoh,2004; and Fusegi et al., 1991) and presented in the Table 3 . The present results are in good agreement with the earlier published results.
Results and Discussion
A finite volume based three dimensional numerical analysis on natural convection is performed on an inclined square enclosure filled with CNT-water nanofluid. The enclosure has an Ahmed body at the middle. The enclosure is differentially heated on the vertical walls while the horizontal walls are considered as adiabatic. The thermal conductivity ratio (R c ) is selected as a control parameter for heat transfer and Rayleigh number is used as a buoyancy enhancing parameter. The intensity of heat transfer is modified through volumetric fractions of CNT-particles and angle of incidence of the cavity.
Flow Field
The flow field is illustrated through particle trajectories and velocity vector diagrams. Fig. 4 represents the particle trajectories for the pure fluid at moderate Rayleigh number (10 5 ) when the thermal conductivity ratio is unity. At this Ra, the inertia forces are dominated by the viscous forces surrounding the solid surfaces and the particle trajectories are revolved around the walls. The particle trajectories encircle the Ahmed body. The slant on the backside of the Ahmed body attracts more movement around it than the front surface and hence particle trajectories are denser around it. Similarly, the angle of incidence has significant effect on the particle trajectories. When the angle is 30° and 120°, the trajectories are closely packed when compared with other angle of incidences. For all angles of inclination (except 90°) the flow structure is characterized by a convergent internal flow from front and back walls to the central plan. The external flow is more intensive near of the active walls and is also convergent towards the central plan. For γ = 90° the flow structure is more complex due to the configuration which is similar to the Rayleigh Bénard case.
Present Work (3D) (z = 0.5 plan) (Das & Reddy, 2006) When the CNT-particles are introduced, the heat transfer increases and hence intensity of flow also increased ( fig.  5 ). At the angle of inclination of 90°, the trajectories are uniformly distributed throughout the enclosure.
The velocity vectors moves clockwise surrounding the Ahmed body due to the differential heating of the vertical walls. For pure water, when γ is 0° ( fig.6 ) and R c is low (0.01), the inertia forces dominate the viscous forces and hence two recirculation cells are generated on the diagonal opposite corners at z = 0.5 plan. The two recirculations are formed at the bottom-left corner and the top-right corner. Due to the increasing buoyancy, the recirculation zone near the slant of the Ahmed body is slightly bulges than the bottom eddy. When inertia forces are increased through the enhanced R c , the sizes of the vortices gets reduced and they diminish at high R c . When R c is increased the increase in viscous forces attracts the velocity vectors towards the Ahmed body and hence the contour intervals are reduced. In fact, when the conductivity ratio is enhanced, the inertia forces are neutralized by the viscous forces and hence the size of the recirculation zone gets reduced. When R c is high, the recirculation zones are completely vanished and viscous force enforces highly paced contours around the Ahmed body. When CNT particles are introduced, the strength of heat fluxes are increased and the increased buoyancy results the swelling of recirculation zones. Due to these phenomena, recirculation cells are noticed in all the range of R c . When R c = 1, the recirculation zone extends up to the height of the Ahmed body. At (z = 0.75), the reduction of hydrodynamic blockage effect reduced the vectors spacing and vortices are noticed in all the values of R c . When (z = 0.95), the presence of viscous forces near the wall reduce the momentum and the sizes of the vortices gets reduced. The increased buoyancy near the skew portion of the Ahmed body uplifts the right side recirculation cell. The introduction of CNT-particles enhanced the convection resulting the bulging of vortices in all the cases when compared with pure fluid. Table 3 : Comparison of present results with the three dimensional numerical results of (Wakashima & Saitho, 2004; and Fusegi et al., 1991) for differentially heated cubic cavity with air as a fluid When γ is 30° (Fig.7) , the effect of inclination reduced the momentum of flow and hence the sizes of the recirculation cells decrease and are completely vanished for pure water and velocity vectors are tends to pack densely around the Ahmed body as the conductivity ratio increases. Both eddies vanished at (z = 0.5) plan. When (z = 0.95), the recirculation cell on the left side vanished completely and the right side cell diminishes at high conductivity ratios. Again the addition of nano particles creates recirculation zones at low R c due to the surge in buoyancy.
When γ is 60° ( fig.8) When γ is 90° ( fig.9 ) and for pure fluid, the momentum is maximum due to the reduction of hydrodynamic blockage due to the vertical placing of Ahmed body and many recirculation cells are visible at (z = 0.5). For this angle the effect of inclination is more pronounced. The velocity vectors changed its direction to anticlockwise direction and many recirculation cells are reported. At (z = 0.75), the vortices merged at the middle and the vortex become an oval shape. At (z = 0.95), the strength of vortex gets reduced but it tilt slightly towards right. The addition of nano-particles bulged the vortex and the physics is same that of a pure fluid. 
Heat Transfer
The iso-surfaces of temperature are presented in fig. 10 for Ra = 10 5 and φ = 0.05 for different angles of incidence. The iso-surfaces are concentrating around the vertical walls. The iso-surfaces are closely packed when the angle of inclination is 0° and 180°. When inclination is increased they start to collide and tend to mix near to the Ahmed body and stratification occurred at the middle of enclosure. This is due to the presence of recirculation surrounded by the body. These approaches to a crest intermingle at 90°. Due to the presence of adiabatic walls on the top and bottom, thermal stratifications are absent around the horizontal walls. This trend is common for both the pure fluid and nanofluid, however for nanofluid the stratification is denser. Fig . 12 shows the average Nusselt number for the case of conductivity ratio equals to 1 for different Rayleigh numbers and volume fraction of CNT-particles. It is observed that for any particular volume fraction when Rayleigh number increases average Nusselt number also increased. Enhancement in fluid flow due to buoyancy leads to increase in average Nu. Further when particle loading is increased average Nu is linearly increased. The maximum variation in Nusselt number is recorded for Rayleigh number equals to 10 3 . It is interestingly noticed that for certain angle there is no distinct variation in average Nu. Fig. 13 shows the effect of R c on average Nusselt number. It is observed that the average Nusselt for any R c value is respond to certain angle significantly and rather response to remaining angles. The curves are nearly in horizontal and a slight deviation occurred after R c = 1. 
Conclusions
Three dimensional numerical simulations were performed on the cubical cavity containing Ahmed body filled with CNT-water nanofluid. The effect of nanoparticles, angle of incidence of cavity, Rayleigh number and thermal conductivity ratio on heat transfer were investigated. Based on the studies, the following conclusions are obtained:
 The skewness on the backside of the Ahmed body makes the particle trajectories denser around it.  The formation of recirculation cells in the velocity vector diagrams are influenced by the Ahmed body at varying angle of incidences of cavity.  Heat transfer enhances when Rayleigh number increases due to the surge in buoyancy forces.  Heat transfer intensifies with the addition of CNT-particles for all the considered parameters.  Maximum average Nusselt number is reported when the angle of inclination is 30° and 150°, while the minimum intensity is reported at 90°.  The variation in thermal conductivity ratio has a least effect on convection.
